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Gene duplicationThe lateral ectoderm of the leech embryo arises from the o and p bandlets, two parallel columns of blast cells
that collectively constitute the O/P equivalence group. Individual blast cells within this equivalence group
become committed to alternative O or P developmental pathways in accordance with their respectively
ventrolateral or dorsolateral position (Weisblat and Blair, 1984). We here describe a novel member of the Six
gene transcription factor family, Hau-Six1/2A, which contributes to the patterning of these cell fates in the
leech Helobdella sp. (Austin). During embryogenesis Hau-Six1/2A expression is restricted to the dorsolateral
column of p blast cells, and thus correlates with P cell fate over most of the body's length. Experimental
manipulations showed that Hau-Six1/2A expression is induced in p blast cells by the interaction with the
adjoining q bandlet. In addition, misexpression of Hau-Six1/2A in the ventrolateral o blast cells by injection
of an expression plasmid elicited the dorsolateral P cell fates ectopically. These data imply that Hau-Six1/2A
is a component of the molecular pathway that normally distinguishes O and P cell fates within this
equivalence group. Genomic analysis revealed that the Six1/2 subfamily has expanded to a total of six genes
in Helobdella. The pattern of Hau-Six1/2A expression during later embryogenesis suggested that this gene
may have lost ancestral function(s) and/or acquired novel roles in association with the gene duplications
that produced this expansion.n Laboratories, University of
1 3878.
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ory, Salk Institute, 10010 N.
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A central themeof developmental biology is the ability of embryos to
generate positional cues that orchestrate the spatial patterning of their
cell differentiation. Positional speciﬁcation of cell fates is widespread
among both animals and plants (Smith et al., 2008; Iyer-Pascuzzi and
Benfey, 2009), and includes embryos that undergo a stereotyped cell
lineage (Kimble, 1981; Sweet, 1998). One such example is the O/P
equivalence group of the leech embryo, which consists of two parallel
cell columns that select between alternative developmental pathways
in response to position (Weisblat and Blair, 1984).
In leeches and other clitellate annelids, the segmented ectoderm
andmesoderm are generated by a bilateral set of embryonic stem cells
called teloblasts (Weisblat and Shankland, 1985; Shankland and
Savage, 1997). The embryo has four pairs of ectodermal teloblasts —
designated N, O/P, O/P, and Q—which give rise to distinct components
of the adult body plan, and a single pair of mesodermal or M teloblasts.
Each teloblast undergoes a series of highly asymmetric divisions to
produce segmental founder cells known as primary blast cells that aredesignated by lower-case letters corresponding to the parent teloblast
(Fig. 1A). The blast cells produced by a single teloblast remain attached
to one another in a linear column or bandlet, and as they elongate the
ﬁve ipsilateral bandlets merge in parallel to form a structure called the
germinal band. The n and q bandlets form the future ventral and dorsal
edges of this band, and the mesoderm lies underneath (Fig. 1A). The
right and left germinal bands eventually circle around the surface of the
embryonic yolk mass, and fuse along the ventral midline to form a
bilaterally symmetric germinal plate (Fig. 1B).
The O/P teloblasts generate lateral ectoderm, and the two ipsilateral
o/p bandlets come to lie next to one another in the middle of the
germinal band(Fig. 1A). Together, these twobandlets constitute theO/P
equivalence group: the blast cells in each bandlet are competent to
follow either an O or a P developmental pathway, and during normal
development they choose between these two pathways based on their
dorsolateral (p bandlet) and ventrolateral (o bandlet) positions in the
germinal band (Weisblat and Blair, 1984; Shankland and Weisblat,
1984; Huang and Weisblat, 1996). The term ‘o/p’ will be used here to
describe blast cells within this equivalence group whose O vs. P fate is
unknown,while the terms ‘o’ and ‘p’will refer to cells or bandletswhose
prospective fate can be predicted on the basis of position.
In the leech Helobdella, a key step in the dorsoventral patterning of
the O/P equivalence group is the induction of P cell fates in the
dorsolaterally situated p bandlet (Huang andWeisblat, 1996; Kuo and
Shankland, 2004a). In the species H. robusta this induction requires
Fig. 1. Overview of leech development. (A) Dorsal view of a late stage 7 Helobdella embryo with anterior to the top, showing the arrangement of ectodermal cell lineages in the right
and left germinal bands. These bands are composed of 4–5 parallel bandlets, with the mesodermal m bandlet (not shown) lying beneath the ectoderm. Each bandlet is a linear
column of blast cells produced by a single teloblastic stem cell; only the two bilateral pairs of O/P teloblasts are shown here. The n and q bandlets mark the future ventral and dorsal
edges of the ectoderm respectively, and the lateral ectodermwill arise from the O/P equivalence group— i.e. the positionally speciﬁed o (red) and p (green) bandlets— over most of
the body's length. However, the lateral ectoderm of the four most rostral segments arises from a single ‘op’ bandlet (yellow), which contacts the o and p bandlets at the
morphologically distinctive ‘OP fork’. At the age shown here, the primary op blast cells have already divided once, forming pairs of anterior (op.a) and posterior (op.p) daughter cells.
(B) Ventral view of a stage 9 embryo. The two germinal bands have circled around the circumference of the embryonic yolk mass (gray), and fused along the ventral midline to form
the germinal plate. As shown the ectodermal bandlets initially retain their dorsal-to-ventral positions within the plate, but later interdigitate through mediolateral cell migration
(Weisblat and Shankland, 1985; Torrence and Stuart, 1986).
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be induced by even a brief contact with a q bandlet (Huang and
Weisblat, 1996). The q bandlet is also sufﬁcient to induce P cell fates in
the leech Helobdella sp. (Austin), but the latter species has another,
redundant P-inducing signal that appears to emanate from the
mesodermal m bandlet (Kuo and Shankland, 2004a).
It should be noted that the O/P equivalence group only extends
through 28 of the leech's 32 body segments, and that segmentally
homologous O and P cell fates arise via a different developmental
pathway in the four rostralmost segments (Shankland, 1987a; Kuo
and Shankland, 2004b). These rostral O and P fates are produced by a
single bandlet of ‘op’ blast cells (Fig. 1A) born prior to the formation of
the O/P teloblasts. The junction of the single op bandlet and the paired
o and p bandlets, the ‘OP fork', provides a reliable morphological
feature in the germinal band of stage 7 embryos. The mode of O/P cell
fate speciﬁcation in these four rostral segments will be discussed
further in the context of our experimental ﬁndings.
The patterning of cell fates within the O/P equivalence group has
been studied extensively by embryological manipulation, but the
molecular basis of those patterning events is just beginning to come
to light. In this paper we show that a member of the Six gene family,
Hau-Six1/2A, is selectively expressed in the p bandlet but not the o
bandlet, and that its expression is sufﬁcient to elicit P cell fates. The Six
genes encode transcription factors that have a homeodomain (HD)
DNA-binding motif as well as a highly conserved six domain (SD)
located immediately upstream of the HD (Oliver et al., 1995). The ﬁrst
family member described, sine oculis (so), plays an essential role in
Drosophila eye development (Cheyette et al., 1994), and subsequent
work has shown that an orthologous Six gene family is present
throughout Metazoa (Oliver et al., 1995; Kawakami et al., 1996, Pineda
et al., 2000, Dozier et al., 2001; Arendt et al., 2002, Stierwald et al., 2004,
Bebeneket al., 2004). Six genes are thought to collaboratewithmembers
of the Pax, eyes absent/eya, and Dachshund (Dach) transcription factor
families in promoting cell speciﬁcation in many different animals and
tissue types including: Drosophila eye (Niimi et al., 1999); vertebrate
muscle (Heanue et al., 1999), kidney (Sajithlal et al., 2005), cranial
placodes (Purcell et al., 2005), and inner ear (Zou et al., 2006); andmany
C. elegans tissues, including mesoderm (Amin et al., 2009).The Six genes consist of three distinct subfamilies, Six1/2, -3, and -4,
which arose prior to the separation of Cnidaria and Bilateria (Stierwald
et al., 2004), and are distinguished by conserved tetrapeptides near the
5′ endof theHD(Seo et al., 1999).Many bilaterians have a single gene in
each subfamily (Seo et al., 1999; Pineda et al., 2000; and Kozmik et al.,
2007), but all three subfamilies have expanded in the vertebrate lineage
(Holland et al., 2007).We showhere that there has also been a selective
expansion of the Six1/2 subfamily in the leech Helobdella, and that one
of the leech's six Six1/2 genes plays an important role inO/P patterning.
Materials and methods
Embryos
The leech Helobdella sp. (Austin) was maintained as a laboratory
breeding colony at room temperature in 1% artiﬁcial sea water, and
embryos raised at 24 °C in a deﬁned saline.Helobdella sp. (Austin) was
originally described as a geographical isolate of H. robusta (Seaver and
Shankland, 2000), but later identiﬁed as a distinct species by analysis
of mitochondrial DNA (Bely andWeisblat, 2006). Authentic H. robusta
were not available for the current study. Embryonic stages and
blastomere identities are given according to Stent et al. (1992).
Genomics
Potential Six genes were identiﬁed in the genome sequences of H.
robusta (http://genome.jgi-psf.org/Helro1/Helro1.home.html) and the
polychaete annelid Capitella teleta (http://genome.jgi-psf.org/Capca1/
Capca1.home.html). Coding sequences were conceptually spliced at GT
andAGdinucleotides tooptimizealignmentwithknownfamilymembers.
Thephylogenetic relationship of the SD+HDsequences encodedby these
genes was evaluated in a neighbor-joining tree generated with PAUP
4.0b10. Other Six gene sequences included: Cladonema radiatum— Six1/2
[acc. no. AAT11873], Six3/6 [AAT11874], Six4/5 [AAT11875]; Drosophila
melanogaster — so [NM_057385], Six3 [AAD39863], Six4 [AAD39864];
Branchiostoma ﬂoridae — Six1 [EF195742], Six3 [EF195743], Six4
[EF195741]; Platynereis dumerilii Six2 [AJ316542]; Dugesia (Girardia)
tigrina— so [AJ251660], and Six3 [AAN77127].
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The Hau-Six1/2A transcript was cloned from Helobdella sp. (Austin)
cDNA based on the corresponding H. robusta genome sequence. An
897 bp fragment was ampliﬁed by the 3′ Rapid Ampliﬁcation of cDNA
Ends (3′ RACE) procedure, using the RLM-RACEKit (Ambion) and gene-
speciﬁc primer 5′-GCCTGCGTGTGTGAGG-3′. The other end of the
transcript was obtained by 5′-RACE using reverse primer 5′-CGACG-
GACTCTGTATTTTCC-3′. A complete cDNA was ampliﬁed using primers
corresponding to the 5′ and 3′ ends.
In situ hybridization
In situ hybridization was carried out according to Nardelli-
Haeﬂiger and Shankland (1992) with the following exceptions: (i)
probes were not hydrolyzed; (ii) embryos younger than stage 9 were
ﬁxed for 1 h; and (iii) Pronase treatment was 2 min for stages 1–
8 embryos, and 15–30 min for stage 9–11 embryos. Hybridized
embryos were reacted with either NBT/BCIP or BM Purple (Roche),
viewed on a Nikon E800 microscope, and imaged with a Diagnostic
Instruments Spot CCD camera. Our Hau-Six1/2 antisense riboprobe
corresponded to cDNA Nts. 960-1856.
For cell ablations, one ormore teloblasts were injected at stages 6–7
with a solution of 5 mg/ml DNase I-Type IV (Sigma) with 3% Fast Green
FCF added to monitor injection volume (Blair, 1982). Each embryolog-
ical manipulation was replicated independently on two or more
separate clutches of embryos.
Ectopic expression
We PCR ampliﬁed the Hau-Six1/2A coding sequence from cDNA
with the addition of NotI and XhoI linkers, then ligated it into a copy of
the pCS107 plasmid (gift from JohnWallingford) fused to a 3′ GFP tag
and followed by the SV40 polyadenylation sequence. To generate an
injectable expression vector, this plasmid was digested with ClaI and
ApaI and the Six1/2A:GFP-SV40 fragment subcloned into pBSMNEF1P
(Gline et al., 2009) downstream of a 2.3 kb Helobdella triserialis EF1α
promoter. The resulting pEF-Six1/2A:GFP plasmid was pressure
injected into blastomeres at a concentration of 74 μg/ml with 5 mg/
ml phenol red added to assess injection volume. Protein expression
was monitored in vivo by GFP ﬂuorescence using a Nikon Plan Fluor
20X/0.75 immersion objective.
In some experiments, 10 mg/ml of either tetramethylrhodamine–
dextran–amine (RDA) or Cascade Blue–dextran–amine (CDA) was
added to the plasmid injectant as a lineage tracer. For control
experiments, sibling embryos were injected under identical conditions
with thepEF-nGFPplasmid, a gift fromStephanieGline,whichexpresses
GFP fused to a nuclear localization signal (Zhang and Weisblat, 2005)
under control of the EF1α promoter.
Morphological analysis of O-to-P transfating
Plasmid-injected embryos were ﬁxedwith 4% formaldehyde in 0.5×
phosphate-buffered saline either at late stage 7/early 8 to examine blast
cell division patterns, or at stage 10 to view the pattern of differentiated
descendant tissues produced by the injected teloblast. Hoechst 33258
(2.5 μg/ml) was added to the ﬁxative to counterstain and visualize
nuclei, except when CDA was used as a lineage tracer.
Stages 7–8 embryos were viewed as whole mounts cleared in
buffered glycerol; stage 10 embryos were dissected and the body wall
ﬂattened under a cover slip. Fluorescent specimenswere examined on a
Nikon Eclipse E800 ﬂuorescence microscope and imaged with a
Diagnostic Instruments Spot Flex 1520 CCD camera. Some were also
optically sectioned on a Zeiss LSM5 Pascal confocal microscope. We
discarded embryos in which the labeled bandlet formed irregularclumps of nonsegmental tissue, which we interpreted as a non-speciﬁc
effect of overinjection.
Results
Molecular characterization of Hau-Six1/2A
A novel Six family gene was identiﬁed in the genome sequence of
the leech H. robusta, and a corresponding 1856 bp cDNA ampliﬁed
from the closely related Helobdella sp. (Austin) by a combination of
RACE and PCR. This cDNA contained a 1329 bp open reading frame
(ORF) that encoded contiguous SD and HD motifs (Fig. 2), and had a
consensus polyadenylation signal sequence at Nt 1839-1844.
Among experimentally characterized genes, the SD/HD of this leech
gene product showed greatest similarity (80% amino acid identity) to
the so gene ofDrosophila and other insects, andwas also similar to Six1/
2 genes from lophotrochozoans and deuterostomes (Fig. 2). There was
no obvious sequence homology to reported genes outside these two
domains. The leechgeneencoded theETSY tetrapeptide characteristic of
the Six1/2 subfamily (Fig. 3), so we designated it Hau-Six1/2A. A
consensus cDNAsequencehas beendeposited inGenBankunderacc. no.
GQ903694.
Expansion of the Six1/2 subfamily in leech
We surveyed the composition of the leech′s Six gene family by
bioinformatic analysis of the H. robusta genome, identifying ten loci
that potentially encode proteins with contiguous SD and HD motifs.
The inferred H. robusta SD/HD coding sequences were placed into a
phylogenetic tree along with a variety of other cnidarian and
bilaterian Six genes (Fig. 3). Due to the very high level of sequence
identity (Fig. 2) between Hau-Six1/2A and its ortholog Hro-Six1/2A
(acc. no. BK006951), only the former was included in this tree.
In addition to Hro-Six1/2A, there were four other H. robusta gene
products that reliably grouped within the Six1/2 subfamily: Hro-Six1/
2B (acc. no. BK006952), -Six1/2C (acc. no. BK006953), -Six1/2D (acc. no.
BK006954), and -Six1/2E (acc. no. BK006955). One additional gene did
not group with any of the subfamilies in phylogenetic analysis (Fig. 3),
but displayed the ETSY tetrapeptide (Fig. 2) and was tentatively named
Hro-Six1/2F (acc. no. BK006956). Thus, it would appear that the Six1/2
subfamily has expanded via gene duplication to a total of six genetic loci
in this species. There was also evidence of gene duplication in the
Helobdella Six4 subfamily (Fig. 3).
We examined the genome sequence of the polychaete annelid
Capitella teleta, and found only a single member of the Six1/2 subfamily
(Fig. 3), Cap-Six1/2 (acc. no. BK006957). The predicted SD/HD sequence
of this gene was 97% identical to a Six2 gene that was physically
characterized from another polychaete, P. dumerilii (Fig. 2). These data
suggest that the observed expansion of the Six1/2 subfamily is not a
characteristic of annelids as a whole, but may have arisen instead after
the leeches separated from polychaetes (Siddall et al., 2001).
Embryonic expression of Hau-Six1/2A
To gain insight into the function of Six genes in leech development,
we examined the expression of Hau-Six1/2A in Helobdella sp. (Austin)
embryos by in situ hybridization. We ﬁrst detected RNA at embryonic
stage 7, shortly after the onset of germinal band formation. Hybridiza-
tionwas initially observed in the right and left op bandlets, consisting of
a segmental patternwith 3–4 repeats (Fig. 4). Therewere also two small
spots of bilateral expression located in the embryo's unsegmented head
domain or prostomium (Fig. 4A).
The segmental nature of this early expression pattern reﬂected the
cell lineage organization of the op bandlet. Primary op blast cells begin
to divide when they enter the germinal band (Fig. 1A), and generate
an anteroposterior row of four equally sized granddaughters (Kuo and
Fig. 2. Amino acid alignment of contiguous SD and HD sequences. The HD is marked by a bar with the tetrapeptide sequence boxed; the remainder of the sequence shown is SD. Dots
mark amino acid residues conserved with Hau-Six1/2A; dashes represent gaps. Top rows — Comparison with Six1/2 genes from fruitﬂy Drosophila melanogaster (Dme), polychaete
annelid Platynereis dumerilii (Pdu), and lancelet Branchiostoma ﬂoridae (Bﬂ). Bottom rows — Six1/2 genes predicted from genome sequences of the congeneric leech H. robusta and
polychaete annelid Capitella teleta. Percentage of amino acids identical to Hau-Six1/2A is given at the right.
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labeled with lineage tracer (Figs. 4, 5), we could see that hybridization
reaction product was restricted to the posterior daughter of its ﬁrst
division, cell op4.p, in younger embryos, and to the two daughters of
that cell's next division, cells op4.pa and op4.pp, in older embryos. The
three more anterior op blast cell clones seemed to share this same
lineage pattern of gene expression (Fig. 5), although staining of the
op1 clone was often faint and undetectable in some specimens.
As stage 7 progresses the blast cells of the o and p bandlets follow
the op bandlet into the germinal band (cf. Fig. 1A). Hau-Six1/2A RNA
was widely expressed by blast cells of the p bandlet, but undetectable
in blast cells of the o bandlet (Figs. 4, 5). However, hybridization was
only observed in those p blast cells that had entered the germinal
band, suggesting that each individual p blast cell began to accumulate
Hau-Six1/2A RNA around the time of its entry. As the p blast cell
clones matured and moved anteriorly through the band, a pattern of
segmental periodicity became apparent in their Hau-Six1/2A expres-
sion (Fig. 6A). This periodicity reﬂected a loss of Hau-Six1/2A RNA in
the p blast cell's two anteriormost granddaughter cells (cf. Zackson,
1984). The q bandlet also developed a segmental pattern of Hau-Six1/
2A expression once its maturing blast cell clones had reached the
anterior part of the germinal band (Fig. 6A).
Although not directly related to O/P fate speciﬁcation, we also
characterized Hau-Six1/2A expression in older embryos. Stage 8 is
marked by fusion of the right and left bands to form the germinal plate,
and during that fusion the op, p, and q staining patterns described above
passed from the germinal bands into germinal plate where they
resolved into a longitudinal stripe of segmental spots on either side of
the ventralmidline (Fig. 6B). This stripepersisted until the timeofdorsal
closure, i.e. the transition of stages 10 to 11, after which it disappeared
from themidbody but increased in staining intensity in associationwith
the morphogenesis of the terminal suckers (Fig. 6C). The persistent
stripe demarcated the entire circular margin of the caudal sucker, but
only the anterior and lateral edges of the rostral sucker. The midbodyregion alsoﬂattens during the latter part of stage 11, and the positioning
of its lateral edge roughly corresponded to the stripe of Hau-Six1/2A
expression seen at earlier stages. Expression also became apparent in
the intestine during the transition to stage 11.
Six genes have been correlated with eye development in a wide
range of taxa (Cheyette et al., 1994; Oliver et al., 1995; Pineda et al.,
2000; Arendt et al., 2002). However, we did not detect expression of
Hau-Six1/2A in the Helobdella eye primordia at any of the embryonic
stages examined here.
Expression in the O/P equivalence group is regulated by cell interactions
Bilateral Q teloblast ablations
Previous studies have shown that the p bandlet is induced to take on
P cell fates by interaction with the adjoining q bandlets (Huang and
Weisblat, 1996; Kuo and Shankland, 2004a), and we here examined
whether that same cell interaction also inﬂuenced the expression of
Hau-Six1/2A.
The right and left Q teloblasts were ablated by DNase injection 15–
60 min after their formation, preempting blast cell formation. The
operated embryos were then raised to late stage 7 or early stage 8 and
sacriﬁced for in situ hybridization. Each of the sixteen experimental
embryos formed two clearly deﬁned germinal bands, although in
some specimens one or both bands were irregularly curved. We saw
no Hau-Six1/2A expression posterior to the OP fork in 91% (29/32) of
these Q-deﬁcient germinal bands (Figs. 7A,B), and in the remaining
three bands observed only 1–2 isolated p blast cells marked by faint
reaction product. Thus, the extensive expression of Hau-Six1/2A in the
p bandlets of unperturbed embryos was dramatically reduced or even
eliminated by bilateral ablation of the Q teloblasts.
In contrast, nearly all of these Q-deﬁcient germinal bands showed
intense Hau-Six1/2A expression in blast cells of the op bandlet
(Fig. 7A). This expression pattern usually comprised the normal 3–4
segmental repeats extending from the front of the germinal band to
Fig. 3. Neighbor-joining cladogram generated by comparison of SD/HD amino acid
sequences. Branches with bootstrap support b60% have been collapsed. Five Helobdella
sequences show a clear afﬁnity for the Six1/2 subfamily; a sixth, Hro-Six1/2F, is divergent
but still shares the ETSY tetrapeptide. In addition to genes described in this paper,
sequences were taken from the cnidarian Cladonema radiatum, the deuterostome
Branchiostoma ﬂoridae, the ecdysozoan Drosophila melanogaster, and two lophotrochozo-
ans: the polychaete annelid Platynereis dumerilii and the ﬂatworm Dugesia (Girardia)
tigrina. Survey of the JGI gene model collection also uncovered one Helobdella sequence
that grouped with the Six3 subfamily and three that grouped with the Six4 subfamily;
these unconﬁrmed gene models are designated with protein ID numbers assigned by JGI.
Fig. 4. Expression of Hau-Six1/2A RNA in germinal bands of a stage 7 embryo in which the ri
Brightﬁeld image of in situ hybridization. Both germinal bands show a segmental pattern of H
p bandlet, and an absence of expression in the o bandlet. A small spot of faint expression (ar
micrograph showing rhodamine lineage tracer throughout the o and p bandlets, as well as i
tracer injection, and their clones are unlabeled. (C) Schematic diagram of the embryo in Pa
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bands with only 2 segmental repeats of Hau-Six1/2A expression and
two others with no detectable expression. One of the germinal bands
that lacked expression had a severely stunted OP lineage, possibly
indicating that a sublethal quantity of DNase had diffused from the
injected Q teloblast into the OP cell before those two sister blasto-
meres lost cytoplasmic continuity.
Taken together these ﬁndings suggest thatHau-Six1/2A expression
is regulated differently in the blast cells of the op and p bandlets, with
op blast cells expressing this gene independently of whether or not
they interact with a q bandlet.Unilateral Q teloblast ablations
Ablation of a single Q teloblast signiﬁcantly reduced Hau-Six1/2A
expression in the p bandlet ipsilateral to the lesion, but had no obvious
effect contralaterally (Figs. 7C–E). Expression in the op bandlet was
normal on both sides.
Inmost embryos subjected to unilateral Q ablation (37/48; 77%), the
ipsilateral p bandlet showed residual Hau-Six1/2A expression in a few
contiguous p blast cells at the base of the germinal band, while older p
blast cells located more anteriorly showed no expression (Fig. 7C).
Huang and Weisblat (1996) have argued that P-inducing signals can
cross the midline where the two germinal bands emerge onto the
surface of the embryo (cf. Fig. 1A), and in keeping with this idea we
propose that the localized Hau-Six1/2A expression at the base of the Q-
deﬁcient germinal band was induced by transient proximity to the q
bandlet in the intact contralateral band. The other eleven embryos (23%)
showed a more or less uniform reduction of Hau-Six1/2A expression
throughout the ipsilateral p bandlet (Fig. 7D), suggesting that trans-
midline signaling was variable in its ability to induce this gene.P teloblast ablations
Blast cells positioned in the o bandlet will take on P cell fates if the
adjoining p bandlet is removed early in germinal band development
(Shankland and Weisblat, 1984). To learn whether the transfated o
blast cells also manifest Hau-Six1/2A expression, we ablated the P
teloblast after it had produced several blast cell daughters and
conducted in situ hybridization once the truncated end of the p
bandlet had entered the germinal band (Fig. 8). In 22 of 27 cases we
saw that Hau-Six1/2A RNA was expressed by blast cells of the original
o bandlet, and that this expression was restricted to that part of the
germinal band where the p bandlet was missing. Expression in the o
bandlet began 0–3 blast cells posterior to the point of p bandlet
truncation (Figs. 8A,C), and was often fainter than in the remnant of
the p bandlet. In the remaining ﬁve cases, we were unable to detect
Hau-Six1/2 RNA in any portion of the o bandlet.ght and left OP proteloblasts had been injected with RDA lineage tracer at stage 6b. (A)
au-Six1/2A RNA in the four op blast cell clones (arrowheads), uniform expression in the
rows) was also observed bilaterally in the prostomium. (B) Corresponding ﬂuorescence
n the op4 blast cell clone on both sides. The op1–3 blast cells were born prior to lineage
rts A and B, with rhodamine-labeled cells marked in red. Scale bar=100 μm.
Fig. 5. Cellular pattern of Hau-Six1/2A expression near the OP fork of a stage 7 germinal band, anterior to the top. In this embryo the left OP proteloblast had been injected with RDA
lineage tracer between the formation of blast cell op3 and op4. (A) Brightﬁeld image showing in situ hybridization. Hau-Six1/2A-expressing cells are labeled. (B) Corresponding
ﬂuorescence micrograph showing rhodamine lineage tracer in the o and p bandlets as well as the op4 clone. Nuclei are blue counterstained with Hoechst. (C) Explanatory tracing
with all cells labeled. Red indicates rhodamine-labeled cells, and gray or darker red indicates cells stained by in situ hybridization. At the time of ﬁxation, the op2 and op3 blast cell
clones were composed of four granddaughter cells apiece, whereas the op4 clone was composed of two anterior granddaughter cells (op4.aa and op4.ap) and an undivided posterior
daughter (op4.p). The primary blast cells of the o and p bandlets have not yet divided. Scale bar=20 μm.
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The M teloblast lineage has been implicated as a source of
redundant P-inducing signals in embryos of Helobdella sp. (Austin)
(Kuo and Shankland, 2004a). However, ablation of one (n=22) or
both (n=5) M teloblasts had little or no effect on the pattern of Hau-
Six1/2A expression in the germinal bands of stages 7–8 embryos
(Fig. 9). In addition, we found that simultaneous ablation of the right
M and right Q teloblasts resulted in reduced but detectable expression
of Hau-Six1/2A in the right p bandlet (n=8/8), comparable to what
was seen following ablation of the Q teloblast alone (see above). Thus,
our ﬁndings suggest that the M teloblast lineage is neither necessary
nor sufﬁcient to induce the expression of Hau-Six1/2A in the O/P
equivalence group of this leech species.
N and O teloblast ablations
Ablation of an N (n=22) or O (n=13) teloblast had essentially no
effect on Hau-Six1/2A expression in the germinal bands. This was
consistentwith priorwork indicating that these twocell lineages are not
required for the speciﬁcation of P cell fates (Huang andWeisblat, 1996).
OP proteloblast ablations
Previous work has suggested that only the O/P equivalence group
is competent to respond to P-inducing signals from the q bandlet
(Huang and Weisblat, 1996). We tested this hypothesis by ablating
the right OP proteloblast, and assaying embryos for Hau-Six1/2A
expression at mid-stage 7, i.e. prior to the onset of expression in the q
bandlet. Consistent with the hypothesis, none of the other surround-
ing cell lineages expressed Hau-Six1/2A in the right germinal band of
these embryos (n=16).Fig. 6. Expression of Hau-Six1/2A in late embryogenesis. (A) Left germinal band of an early st
stained op and p bandlets, and shows a segmentally iterated pattern of Hau-Six1/2A expressi
embryo with anterior to the right. Hau-Six1/2A expression is restricted to a longitudinal patt
view of stage 11 embryo with anterior to the right and ventral to the bottom. Hau-Six1/2A ex
and anterior edges of the rostral sucker. Scale bar=50 μm (A–B); 200 μm (C).Misexpression of Hau-Six1/2A
To testwhetherHau-Six1/2A can inﬂuenceO/P fate speciﬁcation,we
injected the pEF-Six1/2A:GFP expression plasmid into O/P teloblasts of
developing Helobdella embryos. We observed GFP ﬂuorescence in
roughly half of the injected embryos (150/290; 52%), primarily in the
nuclei of blast cells that had entered the germinal band (Fig. 10). The
level of protein expression within the labeled cell clone was generally
mosaic (Figs. 10A,B), often being restricted to only one or a few of the
blast cells produced by the injected teloblast (Fig. 10D). This highly
mosaic protein expressionwas speciﬁc to the pEF-Six1/2A:GFPplasmid,
as injections of pEF-nGFP gave relatively uniform protein expression
throughout the labeled bandlet in 90/97 embryos (93%).
As an alternative to DNA injections, we also tried injecting teloblasts
with Six1/2A:GFP mRNA. These RNA injections gave faint, short-lived
protein expression that consistently faded before blast cells had reached
thegerminal band.Given thatblast cells of thepbandletdonot normally
express endogenous Hau-Six1/2A until after they enter the band, we
elected to use the expression plasmid for our functional studies.
Morphological differentiation of the teloblast lineage
Single O/P teloblasts were injected with RDA lineage tracer early in
embryonic stage 7, and reinjected 3–7 h thereafter with the pEF-Six1/
2A:GFP plasmid. Based on pilot experiments, we selected for further
study only that subset of specimens— approximately one-quarter of the
total injected — in which GFP ﬂuorescence was visible in ≥3 primary
blast cell nuclei at 40–50 h post-injection.We also used this opportunity
to verify that both RDA and the plasmid had been injected into the same
teloblast. We discarded embryos in which blast cells showed punctateage 8 embryo with anterior to the top. The q bandlet lies immediately to the right of the
on (arrowheads) in the older, more anterior part of the band. (B) Ventral view of stage 9
ern of cells that runs parallel to the ventral midline (dashed line) on both sides. (C) Side
pression marks the circular rim of the newly formed caudal sucker, as well as the lateral
Fig. 7. The q bandlets induce Hau-Six1/2A expression in the p bandlet. (A) Left sideview of an early stage 8 embryo in which right and left Q teloblasts had been ablated. Hau-Six1/2A
expression was relatively normal in the op bandlet, but undetectable in the p bandlet. (B) Schematic diagram of bandlet arrangement in panel A; Pro— prostomium. (C,D) Hau-Six1/
2A expression was signiﬁcantly reduced in the right p bandlet following unilateral ablation of the right Q teloblast. Most embryos showed residual p bandlet expression near the base
of the right germinal band (arrowhead, panel C), thought to be induced by proximity to the contralateral q bandlet (see Panel E). Other specimens showed a uniform loss of p bandlet
expression on the operated side (panel D). Expression in the op bandlets and contralateral p bandlet was unaffected. (E) Schematic diagram of bandlet arrangement in panels C and
D; asterisk marks end of truncated q bandlet. Scale bar=100 μm.
Fig. 8. The o bandlet expressed Hau-Six1/2A ectopically following the removal of the
ipsilateral p bandlet. (A,B) Embryo in which right O and P lineages were labeled with
RDA lineage tracer (red in Panel B), and the right p bandlet truncated by teloblast
ablation. At stage 8 the truncated end of the p bandlet (asterisk) had entered the
germinal band, and blast cells of the adjoining o bandlet expressed Hau-Six1/2A
posterior to that truncation. (C,D) Higher magniﬁcation of a second embryo subjected
to the same experimental protocol, shown in brightﬁeld (C) and rhodamine
ﬂuorescence. (D) Hau-Six1/2A is expressed in the posterior part of the o bandlet
(arrow), starting approximately three cell diameters behind the truncated end of the p
bandlet (asterisk). Scale bar=100 μm (A); 20 μm (C,D).
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labeled cells did not undergo full morphological differentiation.
Given that Hau-Six1/2A is the ﬁrst gene shown to be differentially
expressed in the o and p bandlets, we relied on morphological
characters to determine cell fates. Plasmid-injected embryos which
met the expression criteria described above were raised to embryonic
stage 10, dissected, and scored for the presence of O- and/or P-type
descendant tissues (Shankland and Weisblat, 1984). At the time of
injection one cannot predictwhether a givenO/P teloblastwill generate
the o or the p bandlet (Weisblat and Blair, 1984), but our dual injection
protocol allowed us to determine the prospective fate of the injected
teloblast by scoring the O or P fate of the RDA-labeled blast cells
produced prior to plasmid injection (Figs. 11A,B).
In nearly all cases expression of exogenous Six1/2A in the p bandlet
had no effect on the pattern of differentiated tissues produced by that
bandlet (Fig. 11A). The fewembryos inwhich the fate of the P lineagewas
visibly altered by plasmid injection seemed to involve a non-speciﬁc
disruption of morphogenesis, not a respeciﬁcation of O/P fates (Fig. 12).
In contrast,misexpression of Six1/2A in the o bandlet usually altered
the pattern of differentiated tissues produced by that cell lineage
(Fig. 12), and often resulted in the formation of P-type descendants at
the expense of O-type descendants (Figs. 11B–D). In 8 out of 43 embryos
(19%) the Six1/2A-expressing o bandlet gave rise to predominantly P-
type descendant tissues, including examples of essentially complete O-
to-P transfating (Fig. 11B). The transition in cell fates often occurred one
or a few segments behind the plasmid injection boundary. Seventeen
out of 43 embryos (40%) showed partial O-to-P transfating, with some
segments containing amixture ofO-type and P-typedescendants. There
were also 13 embryos (30%) in which Six1/2A misexpression had no
obvious effect on themorphological fate of the o bandlet, and 5 embryos
(12%) in which the labeled cell lineage failed to generate obvious O or P
cell fates and was scored as indeterminate (Fig. 12).
We examined the O-to-P transfating produced by Six1/2Amisexpres-
sion at the level of identiﬁed cells and small clusters of cells. Transfated o
Fig. 9.M teloblasts are not required for Hau-Six1/2A expression in the germinal bands.
(A,B) Late stage 7 embryo in which mesodermal precursor cell DM had been injected
with RDA, and the left M teloblast ablated at birth. Panel A shows a normal distribution
of Hau-Six1/2A RNA in the right and left germinal bands (cf. Fig. 4A). Panel B shows
rhodamine ﬂuorescence, revealing a labeled m bandlet (m) in the right germinal band
and an absence of mesoderm in the left band. The dead M teloblast (asterisk) is out of
focus on the left. (C) Stage 8 embryo in which the right and left M teloblasts were
ablated midway through blast cell production. The right and left germinal bands lack
mesoderm at their posterior ends shown here, but display normal expression of Hau-
Six1/2A RNA in the p bandlets. Scale bar=100 μm (A–C).
Fig. 10. Expression GFP-tagged Six1/2A following plasmid injection. (A,B) In this embryo, th
the o and p bandlets 50 h post-injection. Exogenous protein is localized to blast cell nuclei, wh
labeled bandlets: note a lack of GFP in the nucleus of one p blast cell (hollow arrowhea
ﬂuorescence in the asymmetric daughter cells of a divided o blast cell. The nucleus of the la
nucleus (o.p). (D) GFP ﬂuorescence in the roughly symmetrical daughter cell nuclei of a divi
single blast cell clone. Scale bar=10 μm.
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produce the AD (Fig. 11C) or PV neuron clusters characteristic of the
normal O teloblast fate (Shankland andWeisblat, 1984). This reduction in
central descendants was typically accompanied by an increase in
peripheral neurons and epidermis (Fig. 11B). For instance, partially or
fully transfatedoblast cells often contributedneurons tobothanterior and
posterior nerves in the lateral body wall (Fig. 11D), a fate normally
associated with the P teloblast lineage (Shankland and Weisblat, 1984).
Transfated o blast cells also contributed to specialized epidermal
structures — cell ﬂorets 1 and 3 (Fig. 11D) — normally derived from the
P teloblast lineage. These cellﬂorets contained both labeled andunlabeled
cells, the latter presumably being descendants of the unlabeled ipsilateral
p bandlet.Wedid not detect any obvious trend for certain descendant cell
types to transfate from O-to-P more readily than others.
Control experiments supported the genetic speciﬁcity of these
transfated phenotypes. Injection of the pEF-nGFP plasmid produced
high levels of protein expression with relatively little mosaicism, but had
no detectable effect on the O vs. P fate of injected O/P teloblasts (Fig. 12).Blast cell division patterns
During normal development the blast cells of the o and p bandlets
display geometrically distinct patterns of cell division (Zackson, 1984).
To investigate the effect of Six1/2A expression on these division
patterns, we injected either O/P teloblasts or the OP proteloblast with
pEF-Six1/2A:GFP, and ﬁxed the embryos 48–53 h post-injection.
Examining the germinal bands of these ﬁxed embryos we found 24
GFP-labeled o/p blast cells that — based on nuclear size and position in
the bandlet — appeared to have completed their ﬁrst division. Thirteen
of these divided blast cells were situated in the o bandlet, and showed
the normal O-type division pattern: the anterior daughter cell had a
nuclear diameter roughly twice that of theposterior daughter (Fig. 10C).
The remaining 11 divided blast cells were situated in the p bandlet, and
showed the normal P-type division pattern: the anterior daughter
displayed a nuclear diameter only slightly greater than the posterior
daughter (Fig. 10D). Neighboring o/p blast cell clones that did not
exhibit GFP ﬂuorescence also showed normal, bandlet-speciﬁc patterns
of cell division.
Taken togetherwith theﬁndings discussed above, thesedata suggest
that levels of Six1/2Amisexpression that are sufﬁcient to elicit a P-type
pattern of later differentiation do not alter the lineage-speciﬁc cleavage
geometry of the ﬁrst o blast cell division.e right OP proteloblast was injected with plasmid and GFP ﬂuorescence (A) observed in
ich have been counterstained with Hoechst (B). Protein expression is mosaic within the
d) and augmented GFP in the nucleus of one o blast cell (solid arrowhead). (C) GFP
rger, anterior daughter (o.a) is roughly twice the diameter of the posterior daughter's
ded p blast cell. In this plasmid-injected embryo, GFP ﬂuorescence was restricted to this
Fig. 11. Ectopic expression of Six1/2A produces an O-to-P transfating of differentiated cell fates in the O teloblast lineage. (A,B) Schematic diagram of primary p and o blast cell clones
on the right side of the germinal plate of a stage 10 Helobdella embryo, anterior to the top (redrawn from Shankland 1987c,d). Neural and nephridial descendants shown in black;
epidermal descendants in gray. Segmental ganglia of the ventral nerve cord are outlined at the left. Notable pattern elements include the O-derived AD neuron cluster, and a P-
derived epidermal specialization known as cell ﬂoret 3 (cf3). The p blast cell clone contributes far lateral neurons to two circumferential nerves (arrowheads) — as opposed to one
from the o clone— and also makes a larger contribution to the general epidermis (epi). (C–F) RDA-labeled descendants of single O/P teloblasts injected with the Six1/2A expression
plasmid, as visualized in dissected stage 10 germinal plates. (C) In this P teloblast lineage the blast cell clones anterior to the arrowhead received RDA alone, while clones posterior to
the arrowhead also received the expression plasmid and CDA lineage tracer (not shown). Clones in both regions show the same, lineage-speciﬁc morphology. (D) In this O teloblast
lineage the blast cell clones anterior to the arrowhead received RDA alone, and display the characteristic morphology of the O fate. Blast cell clones posterior to the arrowhead show
an altered, P-like morphology, with increased contribution to the epidermis and fewer labeled cells in the nerve cord. (E) Dorsal optical section through the segmented nerve cord of
another embryo in which Six1/2A misexpression produced O-to-P transfating. The ﬂuorescently labeled O lineage gave rise to the AD neuron cluster (arrows) in anterior segments,
but in posterior segments that received the Six1/2A expression plasmid the AD cluster was missing and replaced by a smaller, laterally situated neuron cluster (arrowheads). (F)
Ectopic expression of Six1/2A produced nearly complete O-to-P transfating in the peripheral tissues produced by this ﬂuorescently labeled O lineage. Anterior blast cell clones that
did not receive the expression plasmid have a single far lateral neuron per segment (arrows), whereas transfated posterior clones have far lateral neurons in two circumferential
nerves per segment (arrowheads) and also produced the cell ﬂoret 3 (asterisks) epidermal specialization. Scale bars=50 μm.
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The cell interactions that pattern O and P cell fates in the germinal
bands of the leech embryo have been studied in considerable detail
(Weisblat and Blair, 1984; Shankland and Weisblat, 1984, Huang and
Weisblat, 1996; Kuo and Shankland, 2004a,b). However, our present
ﬁndings represent theﬁrstmolecular insight into thegeneticbasis of these
patterning events. We here show that during normal development a
member of the Six gene family, Hau-Six1/2A, is selectively expressed in
the dorsal half of the O/P equivalence group, the p bandlet, and that
misexpression of Hau-Six1/2A in the ventral half of that equivalence
group, the o bandlet, promotes the ectopic speciﬁcation of P cell fates.
Expression of Hau-Six1/2A within the O/P equivalence group
Hau-Six1/2A is one of a only few genes known to display bandlet-
speciﬁc expression during the formation of the leech germinal band(see also Woodruff et al., 2007; Quigley et al., 2007). The spatiotem-
poral pattern ofHau-Six1/2A expression is consistent with its being an
early determinant of P cell fates. Early expression is restricted to the
cells of the p bandlet, with individual p blast cells beginning to
accumulate Hau-Six1/2A RNA around the time they enter the
germinal band. Experimental studies have shown that the blast cells
comprising the p bandlet become irreversibly committed to the P
developmental pathway near this point of entry (Huang andWeisblat,
1996), suggesting that Hau-Six1/2A expression is a manifestation of
their commitment to that pathway.
The correlation between Hau-Six1/2A expression and P cell fates also
holds following certain experimental manipulations. If a p bandlet is
eliminated early in development, blast cells in the adjoining o bandletwill
reliably forsake the O pathway and follow the P developmental pathway
instead (Weisblat and Blair, 1984; Shankland and Weisblat, 1984).
Consistent with this ﬁnding, we here observed that prospective o blast
cells reliably expressed Hau-Six1/2A when the p bandlet was removed.
Fig. 12. Six1/2A:GFP elicited P cell fates when misexpressed in the o bandlet, but had
little or no effect on cell fate when expressed in p bandlets. The control nGFP fusion
protein had no effect on O/P speciﬁcation in either bandlet. Indeterminate
development (white bar) refers to bandlets which generated segmental tissue but
failed to generate normal O or P cell fates.
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to show obvious Hau-Six1/2A expression, and suspect that the latter
specimens reﬂect variability in the level or timing of gene expression in
embryos subjected to cell ablation.
Positional cues emanating from the Q teloblast lineage are required
to specify P cell fates in theO/P equivalence groupofH. robusta embryos
(Huang andWeisblat, 1996), and are also sufﬁcient to specify P cell fates
in Helobdella sp. (Austin), the species used here (Kuo and Shankland,
2004a). Consistent with those previous studies, we here ﬁnd that
bilateral ablation of the Q teloblast severely abrogates Hau-Six1/2A
expression in the p bandlet. There is mounting evidence that the q
bandlet induces P cell fates by secreting a member of the BMP growth
factor family (D.H. Kuo and D.A. Weisblat, personal communication),
and we speculate that it is reception of this BMP signal which normally
activates Hau-Six1/2A transcription in blast cells of the p bandlet.
However, interpretation of our Q ablation experiments is confounded
byspeciesdifferences in theP speciﬁcationpathway.Experimental studies
ofHelobdella sp. (Austin) indicate that both theQ andM teloblast lineages
generate P-inducing signals in this species, and that these two positional
cues are largely redundant in their effect on p bandlet fate (Kuo and
Shankland, 2004a). Thus, published data indicate that bilateral ablation of
the Q teloblasts alone does not prevent the p bandlet of Helobdella sp.
(Austin) from expressing P cell fates, while we ﬁnd here that this same
manipulation nearly eliminates Hau-Six1/2A expression. Taken at face
value, these observations suggest that o/p blast cells can manifest
essentially normal P cell fates in the absence of Hau-Six1/2A expression.
There are several potential explanations for this seeming disparity.
First, it is possible that thembandlet ofHelobdella sp. (Austin) induces a
level of Hau-Six1/2A expression in the p bandlet that is below our level
of histological detection, but nonetheless sufﬁcient to promote P cell
fates. We did observe faint Hau-Six1/2A expression in scattered p blast
cells in a small percentage of our bilateral Q ablations, indicating that
inductive signals from the q bandlet are not an absolute requirement for
the expression of this gene.
A second formal possibility is that them bandlet induces high levels
of Hau-Six1/2A expression in the p bandlet following Q teloblast
ablations, but that the induction occurs at some signiﬁcantly later stage
in embryogenesis not examined in our present experiments. However,
we tend to discount this second hypothesis given prior studies whichshow that O vs. P speciﬁcation does in fact occur at the stages we
examined, i.e.while the o/p blast cells are entering or passing through
the germinal band (Shankland and Weisblat, 1984; Huang and
Weisblat, 1996).
A third potential resolution is that the q and m bandlets of
Helobdella sp. (Austin) may induce the P developmental pathway via
distinct molecular pathways, with only Q-derived signals activating
Hau-Six1/2A expression. Phylogenetic analysis suggests that the Q-
derived induction of P cell fates is a widespread feature of the genus
Helobdella, while the P-inducingproperties of thembandlet are a recent
innovation of the Helobdella sp. (Austin) lineage (Bely and Weisblat,
2006). Itmay be that theM-derived signalingpathway converges on the
same ﬁnal battery of P-type differentiation genes, but does so by acting
through a different series of intermediary steps.
Regardless of the explanation, it is not surprising to ﬁnd that the
speciﬁcation of P cell fates can be dissociated from Hau-Six1/2A
expression. Our analysis of the anteriormost body segments revealed
that certain cells in the op bandlet do not express Hau-Six1/2A but
nonetheless generate a subset of thedifferentiatedP cell fates (see below).
Hau-Six1/2A is sufﬁcient to specify P cell fates in the O/P equivalence group
Our functional studies demonstrate that Hau-Six1/2A can promote
the speciﬁcation of P cell fates. Overexpression ofHau-Six1/2A in the p
bandlet had no discernable effect on its normal P cell fate, but ectopic
expression in the o bandlet elicited the differentiation of P-type
descendant tissues. Control experiments indicate that this O-to-P
transfating is gene-speciﬁc, and not the result of DNA injection or
protein overexpression per se.
The O-to-P transfating produced by Six1/2A was variable in
penetrance (Fig. 12). Variability could reﬂect a number of technical
limitations, such as the mosaic expression of the pEF-Six1/2A:GFP
plasmid or attenuated protein function due to the presence of a GFP tag.
We tried a different Hau-Six1/2A construct tagged with a 5′ FLAG
epitope, but it gave results similar to Hau-Six1/2A:GFP (Quigley,
Schmerer, and Shankland, unpublished). Another consideration is that
we here misexpressed Hau-Six1/2A on its own, while in normal
development the q bandlet may be inducing the p blast cells to express
other speciﬁcation factors as well. For example, Six genes are known to
function as part of a Pax/Eya/Dach gene network in a wide range of
developmental systems (Niimi et al., 1999; Heanue et al., 1999; Purcell
et al., 2005). It could be that our targeted misexpression of Hau-Six1/2A
in the o bandlet produced a relatively weak speciﬁcation of P cell fates
because one or more of its normal cofactors were lacking.
The latter hypothesis might also explain why Hau-Six1/2A mis-
expression did not inﬂuence the cleavage geometry of primary o blast
cell divisions. During normal development the blast cells of the o and p
bandlets show distinct patterns of division (Zackson, 1984). However,
we found that levels of exogenousHau-Six1/2A sufﬁcient to promote P-
type descendant fates did not visibly alter thegeometryof theblast cell's
O-type ﬁrst division. These ﬁndings suggest that o/p blast cells which
have experienced an O-type ﬁrst division can nonetheless produce P-
type descendants, a phenomenon that has also been reported when P-
inducing signals are delayed or partially removed (Shankland, 1987b;
Kuo and Shankland, 2004a). Itmay be that these two aspects of O/P fate
speciﬁcation— blast cell division pattern and cell-type differentiation—
are regulated by distinct molecular pathways, and that Hau-Six1/2A is
primarily involved in thepathway that governs cell-typedifferentiation.
Our misexpression experiments clearly demonstrate that Hau-Six1/
2A is sufﬁcient to promote the speciﬁcation of P cell fates in cells of the
O/P equivalence group. However, we do not yet know whether this
gene isnecessary for those fates. Injectionsof theP teloblast lineagewith
morpholino oligomers complementary to the Hau-Six1/2AmRNA have
had no effect on P speciﬁcation in our hands (I.K. Quigley and M.
Shankland, unpublished results), but it is impossible to interpret such
results without some measure of protein abrogation.
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The leech body plandisplays a large degree of segmental homonomy
(Sawyer, 1986), and the four rostral segments of the stage 10Helobdella
embryo are quite similar tomore posterior segments in terms of cellular
composition. However, the O- and P-type cells that compose the lateral
ectoderm of these four rostral segments arise by a distinct, segment-
speciﬁc developmental pathway (Shankland, 1987a; Kuo and Shank-
land, 2004b). We here show that the utilization of Hau-Six1/2A in this
rostral developmental pathwaydiffers fromwhat is seen in themidbody
and caudal segments.
The lateral ectoderm of the four rostral segments arises from a
short bandlet composed of four op blast cells (Fig. 1A), each one of
which gives rise to a set of differentiated descendants corresponding
to the sum in more posterior segments of one o blast cell clone and
one p blast cell clone (Kuo and Shankland, 2004b). We have found
that the posterior daughter (op.p) of the ﬁrst op blast cell division
expressesHau-Six1/2A and that the anterior daughter (op.a) does not,
a pattern of gene expression that is inherited clonally through at least
one additional round of division.
However, fate mapping studies have shown that both cell op.a
and op.p give rise to a combination of O- and P-type descendants
(Shankland, 1987a; Kuo and Shankland, 2004b). Thus, the correlation
between the absence or presence of Hau-Six1/2A expression and O vs.
P fate segregation differs in these rostral segments compared to what
is seen in the midbody and caudal segments. This segmental
difference suggests that the effect of the Hau-Six1/2A transcription
factor on cell differentiation is context-dependent, an idea that can be
explored in the future by testing the developmental function of Hau-
Six1/2A in the op bandlet.
Previouswork has shown that there are also differences in the cellular
mechanism that speciﬁes O and P fates in these two segmental domains
(Kuo and Shankland, 2004b). Our presentﬁndings extend that conclusion
by indicating that these two domains also differ with regard to the role of
the Q cell lineage as an inducer of Hau-Six1/2A expression. Bilateral
ablation of the Q teloblasts severely reduces or eliminates Hau-Six1/2A
expression in the p bandlet, but has little or no effect on Hau-Six1/2A
expression in the op bandlet. We cannot fully exclude the possibility that
the op blast cells — which are born ﬁrst — receive some degree of
induction through proximity to the dying Q teloblast, but it seems highly
unlikely that such a coincidental interaction could account for the reliable
restriction of Hau-Six1/2A expression to the four anteriormost segments.
Taken at face value, our results suggest that the expression ofHau-Six1/2A
in the op bandlet — speciﬁcally in the op.p cell and its progeny — is not
dependent on Q-derived signals at all.
Evolution of the Six1/2 subfamily in annelids
Although represented by a single gene in many cnidarian and
bilaterian species (Seo et al., 1999; Pineda et al., 2000; Stierwald et al.,
2004; Kozmik et al., 2007), the Six1/2 subfamily has expanded to six
genes in the leech Helobdella. There is evidence for a single Six1/2 gene
inpolychaete annelids, andwe envision that the expansionof the Six1/2
subfamily in leech resulted from gene duplications that occurred
sometime after the clitellate annelids separated from their polychaete-
like ancestors (Siddall et al., 2001).
Evolutionarily stable gene duplications are often associated with
alterations in gene function (Conant and Wolfe, 2008), and our present
characterization of Hau-Six1/2A permits some insight into the functional
evolution of the Six1/2 subfamily. First, Six1/2 genes are part of a gene
network that, alongwith the Pax6 transcription factor, is thought to play a
conserved role in eye development across a wide range of bilaterian
animals including the polychaete annelid Platynereis (Arendt et al., 2002).
Butwhile theHelobdella eye primordiumhas been shown to express Pax6
(Quigley et al., 2007) and the lophotrochozoan speciﬁc Paxβ 1 gene
(Schmerer et al., 2009), we sawno evidence ofHau-Six1/2A expression inthis structure during the embryonic stages examined here. This absence
suggests thatHau-Six1/2A or one of its ancestral genes lost the embryonic
eye expression characteristic of the Six1/2 subfamily, possibly through a
subfunctionalization of recently duplicated genes (Conant and Wolfe,
2008). If that evolutionary scenario is correct,wewouldexpect toﬁnd that
one or more of the leech's other, uncharacterized Six1/2 genes still
collaborates with Pax6 in eye development.
In addition to the developing eye, the Platynereis Six2 gene is also
expressed early in segmental development (Arendt et al., 2002).
However, it is not clear whether that segmental expression is
localized to the lateral ectoderm, and we cannot say whether the
polychaete gene is playing a role homologous to the early embryonic
function of Hau-Six1/2 in the leech's O/P equivalence group. It will be
particularly interesting to learn more about the expression and
function of Six1/2 genes in oligochaete annelids such as Tubifex,
which resembles the leech in having lateral ectoderm that arises from
discrete O and P cell lineages and depends on positional cell
interactions for the differential speciﬁcation of cell fates (Arai et al.,
2001).
Certain components of the Hau-Six1/2A expression pattern are
associated with recently evolved features of the Helobdella body plan.
Leeches are distinguished from other clitellate annelids by the presence
of rostral and caudal suckers (Sawyer, 1986), and an increase in late
expression of Hau-Six1/2A delineates the suckers as they form.
Moreover, the family Glossiphoniidae is unique among leeches in
having evolved a ﬂattened body trunk with a deﬁned lateral margin
(Sawyer, 1986), and the longitudinal stripe of Hau-Six1/2A expression
seen in the stage 9–10 Helobdella embryo approximates the line where
that margin will form. We do not yet know whether these spatial
correlations are indicative of a functional role for Hau-Six1/2A in late
morphogenesis, but it is tempting to speculate that as the Six1/2A
subfamily expanded this gene or one of its ancestors was coopted into
these novel role(s) through neofunctionalization.Acknowledgments
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